Spacer oligonucleotide typing (spoligotyping) is a molecular method used to differentiate Mycobacterium tuberculosis complex isolates. This method is based on the analysis of polymorphisms in the M. tuberculosis complex direct repeat (DR) chromosomal region consisting of identical 36-bp DRs alternating with 35-to 41-bp unique spacer sequences. The method is PCR based and hence is more rapid and easier to perform than the standard typing technique based on IS6110 profiling (10, 14) . Spoligotyping can also be performed directly from M. tuberculosis organisms, even those that are nonviable or that are found in tissues in paraffin-embedded blocks, or in archeological samples (7, 19, 23) .
Several studies have provided evidence that spoligotyping is less able to discriminate among isolates with high IS6110 copy numbers, whereas spoligotyping is superior to IS6110 profiling for isolates with fewer than five IS6110 copies (3, 9, 14, 16, 27) . Thus, a two-step protocol consisting of initial screening of isolates by spoligotyping, followed by IS6110 profiling of isolates with the same spoligotype, has been suggested (8) . Spoligotyping also has been reported to be a useful method for the differentiation of Mycobacterium bovis isolates, because the majority of isolates of this species have only one IS6110 element. In addition, the absence of spacers 3, 9, 16, and 39 to 43 is characteristic of M. bovis isolates (2, 5, 6, 11, 29) . Similarly, Mycobacterium microti and Mycobacterium canettii have characteristic spoligotypes (15, 18, 26) .
For accurate interpretation of spoligotype data, it is necessary to obtain information about the evolution and relative stability of the DR region in large samples of isolates from diverse geographic sources. It is also necessary to gain insight into such issues as the relationship of spoligotypes to the three principal genetic groups of M. tuberculosis (22) and the likelihood of evolutionary convergence to the same spoligotype. To address these and other issues, we studied the relationship between spoligotype, IS6110 profile, and principal genetic group in 1,429 M. tuberculosis isolates causing disease in Houston, Texas.
MATERIALS AND METHODS
Bacterial isolates. The analysis is based on 1,429 M. tuberculosis isolates collected from 1,283 patients as part of an ongoing, population-based tuberculosis epidemiology study in Houston, Texas. The strains were cultured from patients between September 1994 and February 1999. These organisms included 281 isolates recovered sequentially from 133 patients.
DNA methods. Chromosomal DNA extraction and IS6110 profiling were performed by an internationally standardized protocol (24) . The IS6110 profiles were analyzed with the BioImage (Ann Arbor, Mich.) Whole Band Analysis program, version 3.2. Spoligotyping was performed with a commercially available kit (Isogen Bioscience BV, Maarssen, The Netherlands) according to the instructions supplied by the manufacturer. The isolates were assigned to one of three principal genetic groups on the basis of nucleotide polymorphism at codons 463 and 95 of the genes encoding catalase-peroxidase and the A subunit of DNA gyrase, respectively (22) .
Statistical analysis. Statistical analysis was performed with Epi Info, version 6.04 (Centers for Disease Control and Prevention, Atlanta, Ga.). Chi-square analysis was used to test the association of clustered spoligotypes with IS6110 clustering and with the three major genetic groups. The sensitivity and specificity of spoligotyping were calculated by a method described by Hennekens and Buring (12) , by using clustering by IS6110 as the "gold standard." The sensitivity was calculated as the number of patients clustered by both spoligotyping and IS6110 profiling, divided by the total number of patients clustered by IS6110 profiling. The specificity was calculated as the number of patients clustered neither by spoligotyping nor by IS6110 profiling, divided by the total number of patients not clustered by IS6110 profiling.
RESULTS
Spoligotype and IS6110 type. A sample of 1,429 M. tuberculosis isolates from 1,283 patients was analyzed by IS6110 pro-filing and spoligotyping. An isolate was assigned a print designation if the same IS6110 pattern was found for isolates obtained from two or more patients. If no matching profiles were identified in the database, or if the IS6110 pattern contained fewer than 5 copies, the isolate was defined as unique (print 999) (exception: print 006 has a copy number of 4). A total of 225 spoligotypes were identified in the 1,429 isolates ( Fig. 1 ). There were 54 spoligotypes identified among 713 isolates (n ϭ 623 patients) assigned to 73 IS6110 clusters. In addition, among 716 isolates (n ϭ 660 patients) with unique IS6110 profiles, 200 spoligotypes were identified. Twenty-nine spoligotypes were shared by clustered and unique isolates.
By spoligotype alone, isolates from 1,146 patients were divided into 89 spoligotypes, whereas 137 patients were infected FIG. 1. Spoligotypes identified in Houston M. tuberculosis isolates. Column heads: Spoligotype, arbitrary spoligotype designation; numbers 1 to 43, spoligotype probes (an "x" in the field below denotes hybridization, and an empty square indicates lack of hybridization); Group, major genetic group designation; Patients, number of patients infected by an isolate with this spoligotype. Boldfaced numbers in parentheses following arbitrary spoligotype designations correspond to the spoligotype designations provided by Sola et al. (21) .
by organisms with unique spoligotypes. Patients with clustered spoligotypes (the same spoligotype identified in multiple patients) were significantly associated with IS6110 clustering ( 2 ϭ 59.16; P Ͻ 0.001). Although the sensitivity of the spoligotyping technique was fairly high (599 of 623; 96%), the specificity of spoligotyping in differentiating IS6110-clustered clones from nonclustered clones was relatively low (113 of 660; 17%).
Spoligotype and major genetic group. All isolates were also assigned to one of the three major genetic groups. In general, there was little sharing of major genetic groups and spoligotypes. Moreover, there was no association between the major genetic groups and spoligotype clustering (P ϭ 0.19). We identified three very similar spoligotypes that were shared by group 2 and group 3 organisms (Table 1) , but no sharing of spoligotypes among organisms belonging to major genetic groups 1 and 2, or among group 1 and group 3 organisms, was found. In addition, all isolates of major genetic groups 2 and 3 failed to hybridize with spoligotype probes 33 to 36. These results are consistent with the genetic affiliation of group 2 and group 3 organisms and the differentiation of group 1 and group 3 organisms (22) . Analysis of large IS6110 clusters. We next examined spoligotype variation among isolates classified on the basis of IS6110 profile. To maximize the opportunity to identify spoligotype variation among isolates assigned to an IS6110 profile, we studied seven large IS6110 clusters with 40 to 123 isolates each. In general, isolates in each cluster had the same spoligotype. However, we identified two instances in which an isolate with a slightly different spoligotype had the same IS6110 profile. In the case of print 006, which has 4 IS6110 copies, 10 different spoligotypes were obtained. In addition, an isolate with a different spoligotype was observed in three print groups with few isolates (005, 085, and 146) ( Table 2) .
The more-abundant spoligotypes. Seventeen of the 23 IS6110 types in genetic group 1 had the same spoligotype, arbitrarily designated S1. This spoligotype was characterized by hybridization with probes 35 to 43 and has been identified previously (25). Spoligotype S1 was identified in all 309 isolates from 264 patients infected with these 17 IS6110 types and was also identified in 67 isolates (62 patients) with unique IS6110 profiles. The most common spoligotype found among isolates with low IS6110 copy numbers was S12. This pattern was obtained from 147 isolates (from 134 patients) with copy numbers ranging from 2 to 5 and has been identified previously (3) ( Table 3) .
Serial isolates. Our study included 281 isolates collected sequentially from 133 patients. The interval between isolate collections varied from 1 to 1,043 days (average, 87 days).
Although 76% of the organisms were obtained within 60 days of one another, no changes were observed either in the IS6110 profile or in the spoligotype.
DISCUSSION
Correlation of spoligotypes with major genetic groups. Recently three genetic groups of M. tuberculosis isolates were identified on the basis of polymorphic nucleotides in katG codon 463 and gyrA codon 95 (22) . According to the evolu- 
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tionary scenario proposed in that study, group 1 isolates are evolutionarily old and have further evolved into group 2 and group 3 organisms (22). Our results show that spoligotypes correlate extremely well with major genetic group designations. Only three very similar spoligotypes were shared by group 2 and group 3 organisms, and, as anticipated, none was shared between group 1 and group 3 organisms. The three shared spoligotypes have been reported to be globally distributed (21) . It is probable that the group 3 isolates evolved from a group 2 precursor isolate. Consistent with this idea, we observed that all isolates belonging to major genetic groups 2 and 3 failed to hybridize with spacer probes 33 to 36, suggesting that these spacers and DRs have been deleted from the genomes of all group 2 and group 3 organisms. Taken together, these results further support the division of M. tuberculosis isolates into three distinct genetic groups.
Stability of spoligotypes.
Relatively little is known about the molecular evolution and stability of the DR region in M. tuberculosis complex isolates. In a recent study, Niemann et al.
analyzed drug-resistant M. tuberculosis isolates recovered sequentially from 56 patients (17) . They found no change in the spoligotypes obtained from these isolates, whereas in five cases a change in the IS6110 profile was observed (addition or deletion of one band) (17) . Similarly, in other studies that included duplicate or serial isolates from the same patient, the spoligotypes were identical (7-9, 13, 20) . No change in spoligotypes or IS6110 profiles was observed in the serial isolates included in our study. Although the interval between collections of sequential isolates varied from 1 to 1,043 days, 76% of the organisms were obtained within 60 days of one another, which may be too short a period for variation to arise in this region.
Our study also included IS6110 clusters consisting of a large number of M. tuberculosis isolates with identical or very similar IS6110 profiles. We identified only five cases in which an apparent change in DR pattern occurred. These results suggest that in rare cases, isolates with different spoligotypes can be clonally related. Correlation with published spoligotypes. On the basis of published spoligotypes, Sola et al. (21) compiled a table of 69 spoligotypes shared by more than two patients in any region of the world. Twenty-six of the 69 spoligotypes were also identified in Houston (Fig. 1) . Four of these (spoligotypes 17, 29, 44, and 67) were spoligotypes previously identified in the Caribbean and neighboring Central American regions only. One of the Houston patients infected by an organism with a Caribbean-specific spoligotype was born in the Caribbean (St. Lucia), but no direct epidemiologic links could be found for the other patients.
A large number of the Houston patients (326 of 1283; 25%) were infected by an M. tuberculosis isolate of spoligotype S1. This is the characteristic pattern of the Beijing family of M. tuberculosis isolates, which is prevalent in China and neighboring countries but uncommon in Europe and the Caribbean (21, 25) . This is also the spoligotype of the W family of M. tuberculosis isolates, which is a group of closely related multidrugresistant organisms that have recently spread from New York City to other U.S. communities and to Paris (1, 4). Our results indicate that M. tuberculosis isolates with this spoligotype are also common in Houston. In contrast to spoligotype S1, the majority of the spoligotypes identified in Houston have not been described previously. Our spoligotype data thus support the results obtained by IS6110 profiling showing that most M. tuberculosis isolates are confined to a specific geographic location (28) . 
